We map buried hydrogen-bonding networks within self-assembled monolayers of 3-mercapto-N-nonylpropionamide on Au{111}. The contributing interactions include the buried S−Au bonds at the substrate surface and the buried plane of linear networks of hydrogen bonds. Both are simultaneously mapped with submolecular resolution, in addition to the exposed interface, to determine the orientations of molecular segments and directional bonding. Two-dimensional mode-decomposition techniques are used to elucidate the directionality of these networks. We find that amide-based hydrogen bonds cross molecular domain boundaries and areas of local disorder.
N anotechnology is intrinsically dependent upon the interactions between molecules, where bottom-up assembly aims to control single chemical units, linear arrays, two-dimensional thin films, and three-dimensional architectures by tuning and controlling chemical interactions at all scales. Self-assembled monolayers (SAMs), where surfactants spontaneously form in order on substrates, enable the placement and direction of single molecules and supramolecular assemblies on surfaces. 1−4 Monolayers can be tuned through a variety of different interactions, where designing and tuning intermolecular interactions become pathways to create robust, adjustable, and even precise formations. To this end, self-assembly has found use in molecular coatings, substrate electronic property modification, processable biosensors, and other areas. 5−7 Scanning tunneling microscopy (STM) is able to record and to leverage sparse details, in that singlecomponent information can be differentiated and compared to ensemble measurements and individual molecules and features are often oversampled. Prompted by the analytical power and resolution of STM, a number of efforts have focused on developing multimodal spectroscopic imaging capabilities. 8−15 Monolayers composed of 3-mercapto-N-nonylpropionamide (1ATC9) have been extensively studied; however, the buried hydrogen-bonding network presumed responsible for the stability and directionality of these systems has not previously been visualized. 16−23 Indeed, it has been a long-standing challenge to measure buried chemical functionality with molecular and submolecular resolution. 10,15,24−29 Using 1ATC9 monolayers as a model system, we have measured buried hydrogen-bonding networks within (single-component amide-containing) SAMs and visualized bonding and interactions previously hidden from conventional scanning probe techniques.
Many single-molecule techniques remain hindered by either extreme dilution or lack of specificity, whereas STM is able to resolve chemical state information at the single-molecule and atomic levels. 10, 22, [24] [25] [26] [27] 30, 31 Rastering an atomically sharp tip across a conductive substrate enables the acquisition of apparent height information, where the measured data are convolutions of electronic and topographic structure. In the case of SAMs, where the probe tip does not penetrate the film, the exposed surface is measured. 28 Upon applying an AC modulation to the tunneling-gap distance, the local surface work function can be accessed with sub-angstrom precision. 29, 32, 33 This technique has been previously employed to measure the tilt of dual component alkanethiolate monolayers, where local extrema were related to the largest buried dipole (Au−S bond). 28 In carboranethiolate (symmetric cage molecules) self-assembled monolayers, topographic and local barrier height modalities were correlated to reveal singlemolecule orientations and dipolar alignment within homogeneous monolayers. 29 Motivated by these recent technical advances in imaging and image analysis, we sought to resolve individual hydrogen bonds and the subsequently formed buried networks within monolayers of 1ATC9.
Amide and hydrogen bonds are of fundamental importance to molecular structure and biological function. 34−39 The precise interplay between single-and supramolecular constructs and biochemical function remains one of the elusive and quintessential aspects of biology. Charge separation within the amide bond has been extensively studied and shown to vary with different chemical substituents, leading to (hydrogen-) bonding enthalpies ranging from 2 to 65 kcal/mol, but typically much stronger than van der Waals interactions (∼5 kcal/mol) 35 and can be comparable to the Au−S bond (∼50 kcal/mol) and 
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Article DOI: 10.1021/acsnano.6b01717 ACS Nano 2016, 10, 5446−5451 Au−Au bonds (∼44 kcal/mol). 40 The dipole moment for amide bonds (∼3.7 D) is larger than that for Au−S bonds (1−2 D) 41,42 and helps to explain why different tilt orientations, in monolayers composed of 1ATC9, reflect orientations of the amide dipoles. 4 In terms of molecular selfassembly, the presence of amide groups within monolayers composed of 1ATC9 enables increases in intermolecular interactions between nearest neighbors and leads to the formation of stable, protective ultrathin coatings that have been shown to prevent oxidation of liquid-metal nanoparticles. 43 Electrochemical measurements, performed by Clegg et al., indicated that electron transfer was indeed kinetically limited, providing evidence that neither analyte permeation nor analyte pinhole diffusion played a significant role and thus electron transfer was primarily due to electronic coupling between chains. Infrared spectroscopy measurements also showed that amide-containing SAMs of varied chain length were extensively ordered with CO and N−H bonds nearly parallel to the substrate plane. 18 We used buried amide-based hydrogen-bonding networks to encapsulate liquid-metal nanoparticles and to prevent oxidation. 43 With significant ensemble evidence of buried networks, it becomes increasingly important and feasible to map the networks within these systems directly.
RESULTS AND DISCUSSION
The two tilt phases of 1ATC9 can be conventionally distinguished by apparent height using STM in topographic mode; however, scanning tunneling spectroscopy (STS) is able to access both topographic and buried information in local barrier height mode to enable a more precise structural identification. 28, 29 We use a custom-built scanning tunneling microscope held at low temperature (4 K) and extreme high vacuum (≤10 −12 Torr) for this purpose. 44 Topographic images depict the expected (√3 × √3)R30°superstructure; however, we observe contrast reversal, under these conditions, in comparison to measurements recorded at room temperature. 19, 23 This reversal is consistent with stronger electronic influences, rather than topographic features, which have also been reported in STM images of peptide assemblies. 34 Images show a distinct structural dependence in local barrier height (LBH) mode, where the tilted structure (18°) (Figures 1 and  2) , with respect to the underlying substrate normal, shows local barrier height contrast differences compared to the normally oriented (0°) structure and can be segmented by conventional image thresholding (Figure 3) . The ability to distinguish each structure via LBH imaging permits segmentation and the relative determination of individual alkyl chain segment tilts and orientations within molecules. We controllably assembled our samples to form predominantly the 18°structure through high-temperature annealing, as determined by Kim et al. previously, but can still measure small areas of the 0°s tructure. 23 We have previously measured the polar and azimuthal tilt angles of the saturated chains of n-alkanethiols self-assembled on Au{111}. 28 We use these prior measurements, of one buried dipole per molecule, due to the S−Au bond, as control experiments for the measurements and analyses described here.
Analyses within areas composed of the 18°tilt structure are able to retrieve both molecular tilts, compared with previous ensemble results, and one-dimensional (1D) hydrogen-bonding networks, as shown in Figure 1 . To determine tilts and solid angles, we measured all distances within a defined radial range and computed lateral offsets, azimuthal orientations, and tilts, with respect to the surface normal. This information and the directional criteria used are presented in Table S1 , where the polar angles determined are consistent, within experimental error, with previous structural analyses. 16, 23 Little prior information, however, has been available on azimuthal orientations. Applying a threshold to LBH images to form an image binary highlights the 1D orientations of hydrogen bonds, where the LBH data obtained contain contributions from both the buried Au−S and amide dipoles. Here, 1D variations may be attributed to local differences in amide bond orientation, which are predominantly in one direction. These buried domains span areas of tens to hundreds of nanometers, and cross structural domains and disordered regions, as measured via topographic imaging ( Figure 2 ). We compare analyses obtained by two-dimensional variational mode decomposition (2DVMD) to straightforward thresholded images ( Figure S1 ). Variational mode decomposition builds upon empirical mode decomposition, which is used to detect and to decompose images into principal modes, with nonrecursive methods that are fully adaptive. 45, 46 A mode, in this context, is based on an intrinsic mode function that meets two conditions: the number of extrema and the number of zero crossings differ at most by one, and the mean values of the local maxima and local minima envelopes are zero. 47 The thresholded image binary retains all principal modes, where 2DVMD succeeds in decomposing each mode into different crystalline directions and enables full image reconstruction. We show all principal modes ( Figure S2 ) obtained that are, again, verified by summing each mode into the reconstructed, original signal shown in Figure 2B . The ⟨111⟩ direction is emphasized, which distinguishes a buried region of disorder that is underrepresented, where the same area is strongly represented in the ⟨111̅ ⟩ direction. Thus, we are able to determine that hydrogen bonds cross the topographic domains featured in Figure 2A . showing the energy cutoff used that was also fit with two Gaussian curves to solve for peak-to-peak image contrast differences.
In the normally oriented phase, we used a block-matching approach to compare molecular apexes with dipolar extrema, where image patches (the size of one molecule) are correlated within larger LBH image patches (the size of nearest and nextnearest neighbors) to compute molecular orientations and the polar and azimuthal tilt angles of the segments of the molecular chains on each side of the amide functionality. 29, 48, 49 A randomly oriented lateral distance of 1.3 ± 0.4 Å was recorded that represents a near normal tilt (Figure 4) , where nanoscale fluctuations can be understood by increased amide−amide interactions and an imperfect backbone structure formed after assembly. 18 We also measured all possible maxima offsets within a given radius and orientation (Table S2) , where correlation yields the largest number of vector offsets. We have successfully measured the local landscape of both the buried Au−S bonds and the buried hydrogen-bonding networks using STM coupled with spectroscopic imaging.
CONCLUSIONS AND PROSPECTS
Our measurements have uncovered long-range networks between amide-containing SAM units and provide a new avenue to monitor and to characterize buried functionality within 2D matrices. Correlations and comparative analyses reveal both the hydrogen-bonding networks and the molecular orientations (tilts) of parts of each 1ATC9 molecule. As hydrogen bonding is critical in biomolecular and supramolecular assembly, we foresee broad and widespread applicability of elucidating important structures and interactions with this method. 4, 34, 38 In retrospect, the robust, resilient hydrogen-bonding networks observed here are consistent with and help explain the protection (relative to oxidation) of the liquid-metal gallium− indium eutectic nanoparticles that we prepared via ultrasonication. 43 Likewise, buried hydrogen bonds have been used to stabilize the various states of molecular switches isolated in two-dimensional matrices; 22 the extended hydrogen-bonding networks discovered here would result in increased rigidity of the matrices and stability of the molecular switches relative to short-range interactions only. We have previously used switchable exposed hydrogen-bonding networks as protective layers in chemical patterning and nanolithography using SAMs. 50 In a more recently developed nanolithographic method, chemical lift-off lithography, 28, 51 buried hydrogenbonding layers should lead to more robust, rigid lifted-off metal monolayer structures.
Scanning tunneling microscopy is capable of resolving exquisite single-component chemical state information beyond ensemble structures. 13, 29, 52, 53 Networks of buried hydrogen bonds have been resolved and span areas of tens to hundreds of square nanometers, crossing structural domain boundaries and regions of disorder.
MATERIALS AND METHODS
Scanning Tunneling Microscope Sample Preparation. The chemicals 3-mercapto-N-nonylpropionamide and neat benzene (Sigma-Aldrich, St. Louis, MO) were used as received. The Au{111} on mica substrates (Agilent Technology, Tempe, AZ) were hydrogenflame-annealed prior to SAM formation with 10 passes at a rate of 0.4 Hz. Substrates were immersed into 1 mM solutions in benzene and held at 70°C for 24 h. Each sample was removed from solution and cleaned by three cycles of rinsing with neat benzene and blown dry with nitrogen gas. The samples were immediately placed into the vacuum chamber, and lowered into the STM in the cryostat after sufficient vacuum was reached.
Imaging. All STM measurements were performed with an ultrastable, extreme high vacuum, low-temperature (10 −12 Torr, 4 K) custom beetle-style STM with a platinum/iridium tip (80:20). 44 The known atomic spacing of Au{111} was used to calibrate all piezoelectric scanners. The sample was held at a fixed bias (V sample = −0.5 V), and both topographic and LBH modalities were measured with constant-current feedback (I t = 15 pA) at 256 × 256 pixel resolution. The tunneling gap distance was modulated at a frequency about the STM feedback loop bandwidth (∼3 kHz) with a sinusoidal amplitude (dz ∼0.1 Å), and dI/dz was recorded with a lock-in amplifier (Stanford Research Systems SR850 DSP, Sunnyvale, CA). 
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Article DOI: 10.1021/acsnano.6b01717 ACS Nano 2016, 10, 5446−5451 Local barrier height images were calibrated against a Au step edge, under the caveat that the LBH magnitude may vary in cases where the applied voltage may not always equal the voltage across the tunneling junction. 29, 31 Image Analyses. All STM images were initially processed with automated routines developed in MATLAB (Mathworks, Natick, MA) to remove any high-frequency noise and intensity spikes that may otherwise impair reliable segmentation. 28, 29 Local barrier height images were inverted to highlight Au−S positions. We define local maxima in topographic [p] and LBH images [q] if its intensity was greater than that of all surrounding pixels within a molecular-sized window. For the normally oriented (0°) phase, each set of local maxima was obtained for both simultaneously acquired images, and a topographic image patch centered at each maxima point was correlated at each pixel against a larger LBH image patch, the size of one molecule and nearest-neighbor spacing, respectively. The maximum correlation was chosen for each maxima point, which was then referenced and plotted. 29, 48, 49 Image thresholds and masks were obtained with known processes in MATLAB. For the tilted (18°) phase, all maxima [p q] were connected within a defined radial range and orientation, and then referenced and tabulated. Variational mode decomposition results were obtained with previously published MATLAB script. 45, 46 Local barrier height image histograms shown in Figure 3 were fit against two Gaussian curves, and the peak-to-peak energy distance was referenced and reported. 
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